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The response of biotic interactions to changes in temperature will play a large role in determining the impact of
climate change on ecological communities. In particular, how warming alters predator-prey interactions will
influence population stability, food web connectivity, and the movement of energy across trophic levels. The
functional response relates predator foraging rates to prey availability, and it is often predicted to increase
monotonically with temperature, at least within the limits of predator function. However, some studies suggest
that functional responses peak and then decline, and such a difference has critical implications for the effect of
warming on ecological communities. Here we investigate the effect of temperature on the functional response of
wolf spiders (Schizocosa saltatrix) foraging on midges. Our results clearly support a unimodal response of the
functional response, with peak foraging occurring at normal daytime temperatures for the area. Thus, daytime
active spiders might experience a decline in foraging with warming, while night active spiders might experience
an increase in foraging. Together with previous work, our study strongly suggests that the widespread
assumption of a monotonic increase in foraging with warming is not warranted.

1. Introduction
Predation plays a key role in structuring food webs. Links among
predator and prey in food webs are generally quantified with the func
tional response, which is the relationship between the foraging rate of a
predator and the density of its prey [9,21,41]. A common form of
functional response is the saturating, Type II form typically written as
the Holling disk equation:
fpc =

aR
1 + aRh

(1)

In this model, derived from simple time budget and encounter rate
mechanisms, fpc is the per capita foraging rate of the consumer (number
of resources per time per predator), a is the space clearance rate (space
cleared of resources per time per predator), R is the resource density
(resources per space), and h is handling time (time per resource). Space
clearance rate describes how quickly a consumer can clear space of re
sources, while handling time describes the loss in search time associated
with the consumption, acquisition, and/or digestion of an individual
resource item.
The temperature dependence of the functional response can play a

large role in mediating the effect of climate change on ecological com
munities [2,11,18,46,49]. By changing the rate of predation and the
effect of prey abundance on the predation rate, warming can alter the
strength of interactions both directly and indirectly through changes in
the abundance of prey in the community and predator-prey connectivity
across food webs [3,17,33,34,36]. It is thus crucial to understand the
temperature dependence of functional responses as well as the mecha
nisms that drive such dependence.
A common expectation for the temperature dependence of functional
responses is that warming drives increases in foraging rates through the
effects on physiology and/or movement [6,8]. Such a monotonic effect
has been seen in several comparative studies [24,26,35,43] as well as in
some experimental work that varied temperature [23,48]. However,
both metabolic rates and velocity may show a unimodal response to
temperature when a broad enough range of temperatures is tested [10,
22], suggesting that functional responses also should have a unimodal
response to temperature. This unimodal effect has been seen in only a
few experimental studies [11,14,40,46,49], but it also can be seen in
comparative analyses after accounting for other factors [15,44].
The difference between a functional response that monotonically
increases with temperature and one that increases and then decreases
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Fig. 1. Fitted functional response of Schizocosa saltatrix wolf spiders foraging on midges. The line is a fit of the Eq. (2) to the data, irrespective of temperature. The
shaded area represents the bootstrap estimated 95% confidence limits on the fit.

Fig. 2. Fitted functional response of Schizocosa saltatrix wolf spiders foraging on midges. The surfaces are fits of the unimodal functional response model to the data,
with temperature as an added predictor. In A, space clearance rate is a function of temperature, and in B, handling time is a function of temperature. The colored
surface is the fit based on mean parameters, and the transparent gray surfaces represent ten randomly chosen bootstrap estimates of the surface to illustrate
uncertainty.

with temperature is profoundly important for understanding the impact
of warming on populations and communities [11,18,47]. All else being
an equal, an ever-increasing foraging rate can lead to the over
exploitation of resources at warmer temperatures, increasing instability,
and possibly leading to local extinctions of prey and predator species [7,
13,31]. In contrast, a unimodal response would dampen interactions at
warmer temperatures, possibly stabilizing communities. Thus, although
understanding that functional responses may be unimodal establishes
that responses to temperature may be complex, our ability to explain

and predict temperature-dependent changes in functional responses
relies heavily on our ability to identify the temperatures at which
functional responses peak. Although other effects of warming are rele
vant, such as the temperature dependence of development, growth, and
mortality [1–3,11,47], it is thus critical to further quantify the temper
ature dependence of functional responses with a broad temperature
range (that is, enough to capture much of the range of temperatures
experienced by the forager), determine whether and at what tempera
tures functional responses begin to decline with further warming, and
2
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and juvenile (22) spiders. We starved them for 24 h before trials to
standardize hunger and used each spider in only one foraging trial. We
then stored spiders in 120-mL plastic cups for the duration of the
experiment (17–19 June 2021).
The experimental arenas were 13 cm diameter Petri dishes without
any habitat structure. We manipulated the arena temperature by placing
arenas on 38.1 cm x 30.5 cm heating pads with four temperature settings
(three ‘on’ levels and ‘off’ as the coolest setting). The pads created four
ranges of temperature: low (27 ◦ C-29.4 ◦ C), medium (29.8 ◦ C-32.2 ◦ C),
high (33 ◦ C-36.2 ◦ C), and room temperature (22.4 ◦ C-25.8 ◦ C). How
ever, variation in temperature across the heating pads generated a
continuous range of temperatures that were randomly and evenly
distributed across foraging trials. We measured the temperature in the
middle of each arena using an infrared thermometer (Raytek Raynger
ST, Fluke Corporation, Everett, Washington, USA) before introducing
the predator and prey into the arena. Temperatures at ground level in
the habitats where spiders were found at the station vary widely but map
reasonably well onto the temperature range used in the study (average
June temperature at 12:00 was 34.9 ◦ C; at 24:00 it was 16.4 ◦ C).
We captured midges daily using an aspirator. We randomly assigned
prey levels from between 3 and 20 midges to each dish. There were 15
trials per temperature block, with each foraging arena placed randomly
on the heating pads. Because of the possibility that larger spiders would
forage more intensively than smaller spiders, we tested for the potential
non-random distribution of spiders across treatments. First, there was no
association between the number of midges offered and spider body mass
(r = 0.005, p = 0.97) and no difference in temperatures by sex (t =
− 0.17, p = 0.87). However, there was an association between spider
body mass and temperature (r = 0.37, p = 0.004). This correlation was
caused by a few large spiders being tested at higher temperatures.
Removing the heaviest six spiders eliminated the correlation, and redoing the analyses without these spiders resulted in the same conclu
sions. So we continue our presentation with the full dataset.
To begin foraging trials, we transferred prey into each arena, allowed
them to acclimate to the arena for about one hour, and then added one
randomly chosen spider. We ran trials during the afternoon in a dark
room with minimal noise. After 30 min, we removed the spiders from the
arenas and counted the living prey that showed no physical damage
indicating attack and consumption by the spiders. The difference be
tween the number offered and the living prey was the number killed.
This tally, however, does not imply that all prey were completely
consumed.

Table 1
Parameters for functional response models fitted to foraging trial data for
S. saltatrix consuming midges. We fit three types of models: the Roger’s random
predator (RRP) equation for which model parameters were independent of
temperature, the RRP for which either space clearance rate or handling time
were monotonically changing with temperature, and the RRP for which either
space clearance rate or handling time were unimodal (or u-shaped depending on
the parameter estimates) functions of temperature. The units are: space clear
ance rate a (arenas pred− 1 min− 1), handling time h (min), m (unitless), T0 ( ◦ C),
and w ( ◦ C2). Median estimate and 95% confidence intervals from 200 boot
strapped samples are shown.
Model

Model
R2

Parameter

Estimate

95% CIs

Roger’s random
predator equation

0.27

a

0.017

h

1.89

Monotonic in space
clearance rate

0.31

a0
h

2.97 ×
10− 5
2.52

m

1.89

a

0.018

h0

2.79 × 108

m

− 5.57

a0

0.024

h

1.21

T0

29.53

w

21.756

a

0.025

h0

1.60

T0

29.66

w

− 13.83

0.011to
0.054
3.76 × 10− 7 to
6.09
3.15 × 10− 8 to
0.079
6.83 × 10− 7 to
5.15
− 0.34 to
4.03
0.013 to
0.033
1.34 × 105 to
3.87 × 108
− 5.86 to
− 3.09
0.015 to
0.073
9.1 × 10− 9 to
4.82
28.81 to
30.4
11.34 to
37.88
0.015 to
0.063
0.10 to
4.05
28.77 to
30.57
− 36.93 to
− 6.59

Monotonic in handling
time

Unimodal in space
clearance rate

Unimodal in handling
time

0.34

0.44

0.44

endeavor to understand the underlying drivers of such temperature
dependence.
Here we investigate the temperature dependence of the functional
response for wolf spiders. Wolf spiders are key predators in terrestrial
habitats [32], playing an important role in biocontrol [29], and they are
susceptible to impacts from climate change [25]. Wolf spider responses
to temperature may have substantial impacts on terrestrial arthropod
communities, but the temperature dependence of their functional re
sponses has not been studied [45]. We used Schizocosa saltatrix Hentz
foraging on midges (Chironomidae) as a model wolf spider. S. saltatrix is
widely distributed in North America and can be an important arthropod
consumer in open habitats [20]. We tested the alternative hypotheses
that the functional response either increases monotonically with tem
perature or rises and then declines with temperature (a unimodal
response). We further try to ascertain whether the rise and fall occurs
through effects on space clearance rate or on handling time.

2.2. Data analysis
We assessed the effect of temperature on the functional response in
three steps. We first fit the standard type II functional response to all of
the data, with the number of prey killed being a function of the number
of prey offered, irrespective of temperature. Wolf spiders typically show
a type II functional response [27,39], and there was little indication of a
sigmoidal functional response in our data, so we did not further consider
type III functional responses (Fig. 1). Because we did not replenish prey
during the course of the experiment, we fit the data to the Lambert W
version of the Rogers Random Predator equation instead of Eq. (1) [4,37,
38]:
)
(
W ahRo e− a(30− hRo )
Rk = R o −
(2)
ah

2. Methods

In Eq. (2), Ro is the number of prey offered and Rk is the number of
prey killed (and mostly eaten), the 30 refers to the experiment’s duration
in minutes, and the other parameters are the same as in Eq. (1). Second,
we fit the data to models in which the space clearance rate or handling
time was either a monotonic function (a = a0 Tm ; h = h0 T m ), where m is
a scaling exponent, or a unimodal function of temperature (a =

2.1. Experimental methods
We collected 60 S. saltatrix spiders and approximately 620 midges
(Chironomidae) around Cedar Point Biological Station in Ogallala,
Nebraska, United States. Spiders weighed an average of 0.083 ± 0.043
(SD) g and individuals included adult females (31), adult males (seven),

− (T− T0 )2
w

a0 e
3

− (T− T0 )2
w

; h = h0 e

), where T0 is the peak (or minimum)
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Fig. 3. Fitted functional response of Schizocosa saltatrix wolf spiders foraging on midges. The data were binned into three separate temperature categories of low
(<28 ◦ C), medium (28 ◦ C to 32 ◦ C), and high (>32 ◦ C) temperatures and fit to Eq. (2) separately. The line represents the median fit, and the shaded areas represent
the bootstrap estimated 95% confidence limits on the fit.

temperature and w describes the width of the function (variance) [46].
We compared the Akaike’s Information Criterion for small samples
(AICc) between the models to determine whether the temperature in
dependent, monotonic, or unimodal models were better supported by
the data, indicated by having a ΔAIC > 2 [5].
Finally, we broke the data into three bins for low (<28 ◦ C), medium
(28 ◦ C to 32 ◦ C), and high (>32 ◦ C) temperatures, based on natural
breaks in the data, and fit the data in each bin to Eq. (2). We used a
bootstrapping approach (200 samples with replacement) to estimate
error in the fits and parameters and to assess differences among pa
rameters between the temperatures. We calculated all pairwise differ
ences for estimates of space clearance rates and handling times between
the temperature levels. If the 95% confidence intervals on these differ
ences did not include zero, then we conclude that the parameters are
different between temperatures [9], and we used the zero-crossing point
to estimate the significance level of the difference. We conducted all
analysis using Matlab 2021a, and we conducted fits using nonlinear
ordinary least squares regression.

unimodal models for space clearance rate and handling time were
similarly supported by the data (ΔAIC = 0.67).
To assess whether a unimodal effect of temperature on space clear
ance rate versus handling time was more likely, we re-binned the data
into low, medium, and high temperatures to make a direct comparison
of fitted parameters across bins (Fig. 3). The fits do not clarify any
parameter differences between low and medium temperatures (space
clearance rate: p = 0.82; handling time: p = 0.93), perhaps due to the
reduced sample sizes within the bins. However, moving from the me
dium to the high temperatures, space clearance rate declined (space
clearance rate: p = 0.01; handling time: p = 0.31).
4. Discussion
The temperature dependence of functional responses can moderate
the effect of climate change on natural communities. A key question is
how quickly functional responses increase with temperature, and
whether and at what temperature they may peak and begin to decline.
Based on the expectation that metabolic rate and/or movement velocity
increase with temperature, it is often predicted that functional re
sponses, or foraging rates more generally, also will increase with tem
perature [3,47]. Several comparative and experimental studies have
shown this monotonic effect, at least over some temperature ranges [6,8,
23,24,26,35,42,43,48]. Studies that tested wider temperature ranges,
however, generally have revealed a unimodal response to temperature
[14,40,46,49]. Furthermore, after controlling for several other factors
including body mass, the dimensionality of the foraging arena, and the
size of the foraging arena, an analysis of a large compilation of func
tional responses revealed a unimodal dependence of functional re
sponses on temperature [44]. Here, we show a unimodal response for
the functional response in wolf spiders, with a peak at a temperature that
would be commonly expected during the growing season in temperate
regions (~29.5 ◦ C). Thus, the decline above the peak in the functional
response occurs at temperatures to which the spiders are likely accli
mated. This result is consistent with some other results in which the peak

3. Results
Although the data show a type II functional response typical of wolf
spiders (Fig. 1), our results show that the overall effect of temperature on
the functional response of Schizocosa saltatrix is unimodal and highest at
an intermediate temperature (Fig. 2; Table 1). The peak of the functional
response occurred around 29.5 ◦ C, based on estimates of T0 from both
unimodal models (Table 1). Compared to the temperature-independent
model (AIC = 98.72, R2 = 0.27), the monotonic model for space clear
ance rate was similarly supported (AIC = 97.72, ΔAIC = − 1.0, R2 =
0.31), while the unimodal was better supported (AIC = 87.90, ΔAIC =
− 10.82, R2 = 0.44; Fig. 2A). In contrast, the monotonic model for
handling time was better supported by the data than the temperatureindependent model (AIC = 94.86, ΔAIC = − 3.86; monotonic handling
time model R2 = 0.34), but the unimodal model was better supported
still (AIC = 87.23, ΔAIC = − 11.49, R2 = 0.44; Fig. 2B). However, the
4
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in the functional response occurs at moderate temperatures that pred
ators could be expected to experience (e.g., 26–30 ◦ C in ladybeetle
larvae [40]; 20–25 ◦ C in Daphnia sp [49]).
The effect of temperature change, however, may depend on when
foragers and their prey are active. Many wolf spiders hunt nocturnally,
including S. saltatrix, allowing them to potentially avoid the high day
time temperatures, but other wolf spider species are active during the
daytime [19,28]. Thus, an increase in temperatures could cause an in
crease in foraging rates for night-active spiders and a decrease in
foraging rates for day-active spiders, effectively altering their temporal
niche through behavioral regulation [16]. Predicted increases in mean
temperature could thus have substantial effects on these spiders, but the
effect would depend on whether the warming was stronger at night or
during the day, given that daily high and low temperatures are on either
side of the peak [30]. Together with previous studies, our results suggest
the possibility that unimodal responses of functional responses to tem
perature may be common, and increased temperatures associated with
climate change may just as likely suppress foraging interactions rather
than accelerate them as is often suggested. However, potential differ
ences between day active and night active spider functional responses
could complicate inferences about foraging responses to warming.
The source of this unimodal response to temperature is unclear.
Importantly, the mechanisms generating temperature dependence of
functional responses could flow through the predators, the prey, or both,
suggesting a wide range of possible causes. Our curve-fitting approach
was unable to discern whether the proximate cause of the response was
through the space clearance rate or the handling time (Fig. 2). It is quite
possible that both parameters show a unimodal (in the case of space
clearance rate) or u-shaped (in the case of handling time) response to
temperature simultaneously, both of which would make the overall
functional response shape unimodal (Fig. 2). Indeed, both of these re
sponses can be seen in other systems [46,49]. Binning the data into low,
medium, and high temperatures, however, suggests that the unimodal
shape comes from a change in space clearance rate at least from medium
to high temperatures (Fig. 3). However, more directed observational
approaches might be needed to determine the mechanism. Since both
space clearance rate and handling time are not traits per se, but rather
reflect the foraging process based on traits from both predator and prey
[9], further work untangling the phenotypic drivers of the temperature
dependence of functional responses is critically needed [12], especially
given growing evidence of a unimodal shape.
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